Flow regime change is the leading driving force in the evolution of lacustrine ecological systems.
INTRODUCTION
Lakes are not only an important part of water systems, but also ecosystems with high productivity and biodiversity.
Hydraulic projects serve the important social function of promoting regional economic development as well as the ecological service functions of regulating high/low flow and protecting against floods. However, hydraulic projects built in the natural water system of rivers and lakes will inevitably destroy the continuity and the sediment load of the river-lake ecosystem, which can lead to changes in the hydrological regime and has negative impacts on the ecotope (Fu et al. ) .
Poyang Lake, the largest freshwater lake in China and one of two Yangtze River-connected lakes in the Yangtze River system, plays an important role in maintaining regional and national ecological safety, including biodiversity protection as well as flood diversion and storage. The highly dynamic characteristics of the water level in Poyang Lake lead to the formation of a unique landscape composed of lake-wetland and ecological patterns (Hui et al. ; (Liu et al. ) . Compared to climate variability impacts on the lake catchment, modifications to Yangtze River flows from the Three Gorges Dam have had a much greater impact on the seasonal dryness of Poyang Lake (Hu et al. ; Zhang et al. ) . The construction of the Poyang Lake hydraulic project (PLHP) has also been proposed (Zhang et al. ) . Although the construction of the PLHP will be helpful in addressing the dryness of Poyang Lake during the dry season, it has raised many concerns among scientists (Li ) , who believe that the PLHP will have a negative impact on cranes and other wintering waterbirds. The elevated water level would also change the flow field and increase water residence time, leading to deterioration of water quality (Hu et al. ; Wang et al. ) .
The regulation scheme of the PLHP has been modified several times to solve these issues, but the controversy is still ongoing.
Hydrodynamic parameters are the leading driving force in the evolution of river-lake ecosystems (Nikora ) 
The Environmental Fluid Dynamics Code (EFDC)
hydrodynamic model can be used to simulate one-, two-, or three-dimensional flow, transport, and biogeochemical processes in surface water systems including rivers, lakes, estuaries, and reservoirs. The EFDC model was originally developed by the Virginia Institute of Marine Science for estuarine and coastal applications (Hamrick ) . It is a public domain software that has become one of the most widely used and technically defensible hydrodynamic models (Scott et al. ; Zhou et al. ) . The model solves three-dimensional, vertically hydrostatic, free surface, and turbulent averaged equations of motion for a variable-density fluid. The EFDC model allows for drying and wetting in shallow areas via a mass conservation scheme. Furthermore, the model is highly flexible. As the software is open source, the underlying code can be easily modified according to a specific application goal.
The model was developed using the FORTRAN programming language, which is widely used for computationally intensive tasks.
Using the two-dimensional hydrodynamic model established on the basis of the EFDC model, our study aims to determine: (1) the degree of water level increase in different areas of Poyang Lake caused by the minimum controlled water level (11 m) of the PLHP during the dry season in different typical years; and (2) the possible impacts of the PLHP on the flow field and the water exchange period (WEP) (water residence period) of the lake. The results in this article can provide an essential foundation for the quantitative analysis of the impacts of the PLHP on water quality and ecosystem change.
MATERIALS AND METHODS

Study area
Poyang Lake (28 W 40 0 -29 W 46 0 N, 115 W 49 0 -116 W 46 0 E) and its catchment are located in the mid to lower reaches of the Yangtze River ( Figure 1 ). The main inflows of the lake include the Xiuhe River, Ganjiang River, Fuhe River, Xinjiang River, and Raohe River (called the Five Rivers), and the only outlet of the lake is located at Hukou, which is connected with the Yangtze River.
The lake water level ranges from 6 m to 20 m due to the dual effects of seasonal variations in catchment inflows and water level of the Yangtze River. This results in seasonal changes to the lake area, which range from less than 1,000 km 2 in the dry season to over 3,500 km 2 in the rainy season (Min ; Tan et al. ) . The wetland of the lake is an important international wetland for its abundant biodiversity. It is one of the ten ecological conservation areas in China, and also one of the globally important ecological areas regulated by the World Wildlife Fund in 1992. The wetland plays an important role in maintaining the ecological safety of the region and the nation.
Poyang Lake is divided into two parts by Songmen
Mountain. The northern part is the waterway joining the Yangtze River, and the southern part is the main body of the lake. The elevation of the most northernly part is below 12 m, while the bed of the southern part is relatively flat with elevations that are primarily in the range of 12-15 m. Two national nature reserves, the Wucheng National Nature Reserve (WNNR) and the Nanjishan Wetland National Nature Reserve (NWNNR), are located in the Poyang Lake wetland (Figure 1 ).
Overview of PLHP and its regulation scheme of water level
The proposed PLHP (116 W 07 0 E, 29 W 32 0 N) is located in the waterway that connects Poyang Lake to the Yangtze River ( Figure 1 ). The lake surface of the PLHP site has a width of approximately 2.8 km, which is the narrowest waterway into the Yangtze River. In order to maintain a healthy lake ecosystem and to improve the lake wetland environment, as well as to help relieve some drought issues, a regulation scheme has been proposed (Tan et al. ) to control the low water level instead of the high water level, and to dynamically adjust the water level (Table 1 ). In the flood season (from the middle of March to the end of August), the PLHP does not operate, thus allowing free exchanges of water, energy, and biology between the lake and river.
From September to October, the water level of the lake will be controlled by the PLHP and will gradually decrease to 11 m. The water level will then be controlled at around 10-11 m from November to the middle of March.
Hydrodynamic governing equations of the model
The related to salinity and temperature (Hamrick ) . The momentum equations are as follows: represents the buoyancy, which is defined as the normalized deviation of density from the reference value (Hamrick ) .
The continuity equations are as follows:
Evaporation from the lake surface is calculated by evaporation heat transfer using the surface heat exchange model:
where φ n is the heat flux; φ sn is the short-wave solar radiation; φ anr is the net long-wave back radiation; φ e is the evaporation heat transfer; φ c is the convective heat transfer.
Establishing a two-dimensional hydrodynamic model for Poyang Lake
Based on the remote sensing image of Poyang Lake taken during the flood period in 1998 and the GIS levee data of the lake, the maximum boundary of the Poyang Lake water surface was determined, which was used as the border of the model domain. A curvilinear orthogonal mesh was used in the model. The total number of grids was 96,004, the mesh resolution ranged from 178 m to 205 m, and the orthogonality parameter of the grid was less than 0.2 (Figure 2 (a) and 2(b)). Since most of the grids were non-square, the mesh resolution is represented by the square root of the area of a grid.
The variation of the Poyang Lake bed topography was considered when establishing the model mesh. According to Figure 2 (b), since the variation of the bed topography was larger in the northern and the eastern parts of the lake, smaller grids were used to reflect the terrain elevation variation of the lake bed. However, larger grids were used in the floodplain of the lake (at the center of the lake) so that the total number of grids could be controlled and the calculation time could be reduced. The bed topography data for Poyang Lake were collected in 1998 and 2010 at scales of 1:25,000
and 1:10,000, respectively, and were provided by the Table 2 .
Four hydrological stations (Xingzi, Duchang, Tangyin, and Kangshan) that continuously measure daily water levels range from the south to the north and cover the entire range of water levels in Poyang Lake (Figure 1 ). These observed daily water levels were used to calibrate parameters, and the error analysis of calibration for the model is shown in Table 3 .
In order to validate the calibrated parameters of the model, the 5 years from 1 January 1999 to 31 December 2003 were selected as the model verification duration. The model was verified by using continuously measured daily water levels at four hydrological stations (Xingzi, Duchang, Tangyin, and Kangshan). Figure 3 provides the comparison of measured water levels and simulated water levels at the four verification sites during the verification period of the model. Ten variables were included in a subsequent error analysis, and the results are shown in Table 4 . Mean absolute error in Table 4 is the average value of the difference between the daily measured water level and the simulated water level.
The daily measured flow velocity and flow direction datasets were not available for the study area. Two datasets of flow velocity and flow direction at eight sites (see V1-V8
in Figure 1 ) were used to validate the simulated results. Table 5 . The two values in the bracket in column 4 of Table 5 refer to the two simulated velocity components in the x and y directions, respectively. were much more stable. The reason might be that the terrain was flattened after interpolation. A combination of the two causes above resulted in significant error between the measured value and simulated value at the Kangshan site.
According to To better verify the reliability of the simulation results, it is necessary to contrast the simulated water surface with the actual water surface. Figure 4 shows the comparison between two groups of simulated lake water depth distributions and lake water surfaces from remote sensing images taken during low/high water level periods. Figure 4 
Scenario simulation scheme
In order to study the benefits and impacts of the PLHP on hydrological conditions and dynamics, two scenarios were generated. The first is the base scenario (termed S1), in which there is no PLHP in the lake. The second scenario (denoted as S2) is an unnatural-state lake with normal inflow and meteorological conditions but with a water level regulated by the PLHP as an outflow condition. In the above two scenarios all boundary conditions, except the outflow condition, are the same. Therefore, we assume that if there is any difference in the results of the two scenarios, the difference is caused by the water level regulation of the PLHP.
The flow boundary condition, the open boundary condition, and the meteorological conditions for the S1 scenario were equal to those used in the calibration and period for the modeling was 2 months from 1 November to 31
December of the previous year. flow velocities for the S1 and S2 scenarios at these points were used to analyze and compare differences between the scenarios. Figure 6 shows an illustration of the distribution of the selected observation points. year, which were based on the simulation results under the S1 and S2 scenarios. ively. Therefore, compared with the velocities under the S1 scenario, the maximum velocity and the mean velocity in WLRP under the S1 scenario were 0.73 m/s and 0.11 m/s, respectively, and these values were 0.57 m/s and 0.08 m/s, respectively, under the S2 scenario. Therefore, the maximum velocity and the mean velocity under the S2 scenario decreased by 21.9% and 21.3%, respectively. In 2006, the maximum velocity and the mean velocity at this location in WLRP were 0.81 m/s and 0.18 m/s, respectively, under the S1 scenario, and these values were 0.56 m/s and 0.13 m/s, respectively, under the S2 scenario. Comparing the velocity under the S2 scenario with that under the S1 scenario, the rates of decrease in the maximum velocity and the mean velocity were 30.9% and 25.4%, respectively.
RESULTS AND ANALYSIS
In 2010, the maximum velocity and the mean velocity at this location in WLRP were 0.74 m/s and 0.16 m/s, respectively, under the S1 scenario, and these values were 0.59 m/s and 0.13 m/s, respectively, under the S2 scenario. Comparing the velocity under the S2 scenario with that under the S1 scenario, the rates of decrease in the maximum velocity and the mean velocity were 20.3% and 19.3%, respectively.
As shown in Figure 7 (g)-7(r), the velocity under the S1 scenario and that under the S2 scenario changed slightly.
This indicates that the regulation scheme of the PLHP for water level (especially the water level of 11 m) caused negligible impacts on the velocities in lake regions including south of Tangyin, Changshan Island, WNNR, and NWNNR, due to the high terrain of the lake bed.
However, the results also show that among the 3 Table 1 , the water level regulation process is mainly effective during the period from September 1 of each year to the middle of March in the following year, in which the flood season is not included. Therefore, the hydraulic project will cause no impacts on the top-lifted type of lake current. Although the backward flow type period of lake current and the water-level regulation process period partially overlap (from September to October), the backward flow type of lake current is not affected by the PLHP because the scheduling scheme of the PLHP is mainly based on the principle of control over low flow instead of controlling floods. Therefore, only the impacts of the gravity flow field are considered when discussing the impacts caused by the PLHP on the flow field of the lake.
To further analyze and discuss the impacts caused by the PLHP on the gravity flow field of the lake, the flow fields with the lowest water level under the S1 scenario and the flow fields under the S2 scenario on the same day during the WLRP of the PLHP were selected for comparison. The specific times were 4 February 2004, 15 February 2007, and 13 December 2010, respectively, and the corresponding simulated water levels at Xingzi were 4.61 m, 4.72 m, and 6.11 m, respectively. Figure 9 shows the situations of the flow fields with the lowest water level under the S1 scenario in these typical years and those under the S2 scenario in the same period (vector and scalar). Figure 9 (a)-9(c), respectively, show the flow fields of the lake with the lowest water level under the S1 scenario, and Figure 9 According to Figure 9 (a)-9(c), the lowest water levels in years of different types under the S1 scenario varied, but the flow fields were in similar situations. The main lake region appeared to exhibit a 'fluvial facies' type flow field. Due to the confluence of two rivers, the backflow field (see Figure 9 (a)) might occur easily in the lake region proximate to Changshan
Island when there is a large quantity of water outlets from the two rivers. According to Figure 9 (d)-9(f), the flow fields were similar when the water level was regulated to 10-11 m under the S2 scenario. However, the waterway joining the Yangtze River under the S2 scenario exhibited a complex flow field due to the increase in water level, and the flow field was relatively weakened under the S2 scenario (comparing Figure 9 (b) with Figure 9 (c), 9(e) and 9(f)). When comparing Figure 9 (a) and 9(d), the flow fields of the region close to Changshan Island varied greatly, i.e., this region exhibited a backflow field under the S1 scenario and a conventional flow field under the S2 scenario. This result is due to the fact that the water level at the site of the PLHP under the S2 scenario was regulated from 10 to 11 m on February 4, and the drainage process resulted in the disappearance of the backflow fields in the region near Changshan Island.
Analysis of impacts of the PLHP on the WEP of Poyang
Lake
The monthly WEPs during the WLRP in different types of years were calculated based on the concept of WEP. The calculation formula used is as follows:
where P l is the water exchange period of the lth month, ξ is the area of grid j (m 2 ), H is the simulated mean water depth of grid j on the ith day (m), n is the number of grids over the whole computational domain of the lake (96,004), Q ik is the simulated flow of grid k at the outlet section (m 3 /s), m is the number of grids at the outlet section, and T is the number of days of the lth month. The conversion coefficient used for converting the time unit 'second' to 'day' is 86,400. In the case of backward flow, the flow of the outlet section (Q ik )
is negative, and the lake storage capacity ( P n j¼1 ξ j H j ) is obtained based on that negative Q ik . Under the condition of numerical simulation, 'Q ik < 0' and 'Q ik ¼ 0' have equivalent effects for the WEP. Therefore, when calculating the WEP via Equation (8), if Q ik < 0, we set Q ik to 0. was relatively low and the mean water level of the outlet in September was below 10 m (see Figure 8 ). Table 6 lists the differences and the rates of increase in the WEPs under the S1 and S2 scenarios. During the Figure 9 | Comparison of flow fields under the S1 and S2 scenarios during the lowest water level in typical years: (a) flow field under the S1 scenario during a dry year; (b) flow field under the S1 scenario in a normal year; (c) flow field under the S1 scenario during a wet year; (d) flow field under the S2 scenario in a dry year; (e) flow field under the S2 scenario in a normal year; (f) flow field under the S2 scenario in a wet year. The full color version of this figure is available online and is free to view: http://dx.doi.org/10. 2166/nh.2016.174. water level (10-11 m) controlling period of the PLHP, the water levels under the S1 and S2 scenarios varied greatly.
As a consequence, the WEPs varied greatly. Although the number of days in the WEP under the S2 scenario in 2006 (the normal year) was less than that in the dry year (2003) and more than that in the wet year (2010), the extension in 2006 exhibited the maximum rate, which was caused by low water level, small lake storage capacity, and a short WEP in September to October under the S1 scenario. In addition, the lake exhibited a lower water level and increased flow in December of that year ( Figure 10) . Therefore, the WEP in December was short, and the difference between the WEPs under the S1 and S2 scenarios varied greatly.
CONCLUSION
The construction of the PLHP has caused controversy since its first proposal. Supporters insist that the PLHP will solve economic and environmental problems caused by the long-lasting drought, while opponents have expressed concerns regarding potential harmful effects on bird habitat and water quality. In this paper, a two-dimensional hydrodynamic model was established using the EFDC code to investigate the hydrological effects of the PLHP. Two scenarios (without/with PLHP) were simulated to assess the possible impacts of the proposed PLHP on water level, velocity, lake current, as well as WEP in a typical wet year, normal year, and dry year. Simulation results show that the water level control of 11 m via the PLHP will markedly increase the mean water level of the lake during the low-flow period of Poyang Lake. This will help address the drought problem in the study area. The flow velocity decreased under the scenario of PLHP operation, especially in the waterway towards the Yangtze River to the north of Tangyin. The PLHP causes minor impacts on the lake region in the vicinity of Changshan Island and in the two natural reserves, due to the relatively high terrain of the lake bed. The construction of the PLHP will weaken the flow field of the lake region near Changshan Island. The PLHP will also lead to occasional disappearance of the backflow field due to the water storage/ drainage process. Because of the water level regulation of the PLHP, the flow patterns of the whole lake will be similar in wet, normal, and dry years. The monthly lake WEPs will significantly increase due to the water level regulation of the PLHP, at a maximum of 14.5 d (47.9% in ratio). The decreased water velocity and the extension of the WEP may have certain impacts on lake water quality. However, increases in lake storage capacity are the stated purpose of the water level regulation of the PLHP. Whether the project should proceed depends upon balancing the advantages and disadvantages.
The PLHP has a significant impact on the lake WEP due to increases in water level, increases in storage capacity, and relative reductions of velocity. The monthly lake WEPs during the regulation water level periods in the differing types of years extended by varying degrees. Extension of the WEP may result in certain impacts on lake water quality. However, increase in lake storage capacity is the major cause for the extension of the WEP, and this may also improve the environmental carrying capacity of the lake. Therefore, the degree to which the PLHP-mediated change in lake WEP affects the water quality of the lake requires additional study.
